Mesoporous transition metal oxides with high crystallinity and large pore volumes were successfully synthesized by a widely applicable ligand-assisted self-assembly approach. In this approach, a carboxyl-containing ligand is employed as a coordination agent to retard the hydrolysis and condensation rates of the precursors. The ligands interact with the PEO chains of P123 via hydrogen bonds, which cooperatively ensures the controllable co-assembly of template micelles and the metal source during solvent evaporation. The X-ray diffraction, transmission electron microscopy, and nitrogen sorption results show that the obtained mesoporous metal oxides are constructed from numerous highly crystalline nanoparticles and possess close-packed mesostructures with uniform pore size distributions. A series of mesoporous transition metal oxides (Co
Introduction
Mesoporous transition metal oxides possessing a large surface area and high degree of crystallization have attracted extensive attention because of their remarkable properties and promising applications in gas sensing, energy storage, catalysis, and photodetection [1] [2] [3] [4] [5] [6] [7] [8] . Various strategies have been used to synthesize mesoporous transition metal oxides. One promising route is the hard template approach, which employs mesoporous silica or carbon as a rigid template to introduce the desired mesoporous structure and removes the template by etching or calcination to finally obtain mesoporous transition metal oxides [9] [10] [11] [12] . This approach can synthesize unique crystalline and ordered mesoporous metal oxides but still has some deficiencies. For example, the mesoporous structures of the metal oxides depend on the frameworks of the hard templates, and only a few hard templates are available for use. Moreover, the procedure is costly, laborious, and low yielding. To overcome these limitations, a soft-templating approach was proposed, i.e., the evaporation-induced selfassembly (EISA) route. For instance, Fan et al. prepared multicomponent mesoporous metal oxides in a versatile sol-gel solution consisting of acetic acid 13 . Suib et al. reported an inverse micelle synthesis system to prepare mesoporous metal oxides 14 . Mesoporous materials with diverse morphologies and tunable pore sizes have been prepared by controlling the synthesis conditions and the properties of the template molecules based on soft templating 15, 16 . This approach is flexible and effective for largescale synthesis. However, the mesostructures are apt to shrink and even collapse during formation of the mesostructure by calcination and removal of the organic templates. The pore walls of mesoporous transition metal oxides formed by the soft-templating approach are almost amorphous or semi-crystalline, which may impede their further applications. Moreover, uncontrolled hydrolysis and condensation of transition metal sources, such as alkoxides, can result in poorly structured materials due to the rapid formation of dense, cross-linked inorganic networks. Carboxylic acid-containing ligands can be used as structure-directing agents in soft-templating approaches 17, 18 , and the ligand-assisted EISA method developed by Deng and coauthors provides a new idea for the synthesis of stable and crystalline mesoporous oxides 19 . Although great advances have been made in the synthesis of several mesoporous transition metal oxides, the development of a universal method to synthesize thermally stable and highly crystalline mesoporous metal oxides is still a great challenge.
Herein, we demonstrate a general effective ligandassisted self-assembly synthesis strategy to prepare mesoporous transition metal oxides composed of highly crystalline nanocrystals with high surface area and unique stability by using the triblock copolymer P123 as a template, metal nitrate as a precursor, and acidic n-butanol as the reaction medium. Remarkably, mesoporous transition metal oxides were prepared by coordinating the metal precursors with carboxyl-containing ligands to control the hydrolysis and condensation rates and decrease the degree of cross-linking of the metal gel networks. Meanwhile, the ligand molecules attached to the PEO chains through Hbonds hinder the local motion of the PEO chains. The slow assembly between template micelles and the inorganic metal source allows the formation of well-defined mesostructures. This general method was successfully used to synthesize a series of mesoporous transition metal oxides, including mesoporous Cr 2 
Materials and methods

Synthesis of mesoporous metal oxides
All the mesoporous metal oxides were synthesized by the ligand-assisted self-assembly process using citric acid/ ascorbic acid as a chelating agent, concentrated HNO 3 to adjust the pH, and n-butanol as a solvent. Metal nitrate and the triblock copolymer Pluronic P123 were employed as the precursor and the template, respectively. In a typical synthesis of mesoporous Co 3 O 4 , 1.36 × 10 −4 mol of P123, 5 mmol of citric acid, and 16 mmol of concentrated HNO 3 were dissolved in 70 mmol of 1-butanol solution under magnetic stirring followed by the addition of 2.5 mmol of the inorganic source Co(NO 3 ) 2 ·6H 2 O. The mixture was stirred vigorously for several hours at room temperature until a transparent sol formed. The sol was transferred into a Petri dish (diameter 90 mm), and the solvent was evaporated in a 120°C oven over 4 h. Then, the as-synthesized pink powder product was removed and calcined in air by a stepwise pyrolysis approach at 150°C for 4 h (ramp rate 2°C/min), 250°C for 2 h (ramp rate 2°C/min), and 350°C for 2 h (ramp rate 2°C/min), resulting in the highly crystalline mesoporous Co 3 O 4 product.
Fabrication of the oxygen evolution reaction working electrode
Ten milligrams of catalyst powder was dispersed in 300 μL of isopropyl alcohol and ultrasonically mixed for~30 min. One microliter of the obtained catalyst slurry was dropped on a polished GC electrode, and then, 2 μL of Nafion (5 wt% in ethanol, Alfa Aesar) was cast onto the above coating and dried in air at room temperature (this yielded an approximate metal loading of 0.5 mg cm
−2
).
Characterization
Field-emission transmission electron microscopy (TEM), high-resolution TEM (HRTEM), and selected-area electron diffraction (SAED) images were obtained using a FEI Tecnai G2 F20 s-twin D573 field-emission TEM operated at 200 kV. EDX spectra were acquired using a Phillips CM200 TEM instrument (200 kV). Powder X-ray diffraction (XRD) patterns were collected on a Rigaku 2550 diffractometer with Cu Kα radiation at 40 kV and 100 mA (λ = 1.5418 Å). N 2 adsorption-desorption isotherms were measured at -196°C on a NOVA 4200e. Samples were degassed at 120°C for a minimum of 4 h prior to analysis. The specific surface area and pore size distributions were calculated using the Brunauer-Emmett-Teller (BET) equation and the Barrett-Joyner-Halenda (BJH) model from the adsorption branches. Thermogravimetric analysis (TGA) was performed on a TGA Q500 thermogravimetric analyzer in air over the temperature range of 30-800°C at a heating rate of 10°C min
. Inductively coupled plasma emission spectroscopy was carried out using an ICP-OES, PerkinElmer OPTIMA 3300DV. Infrared (IR) spectra were recorded using a Nicolet Impact 410 FTIR spectrometer over the wavelength range of 400-4000 cm −1 using KBr pellets.
Electrochemical measurements were performed on a corrected electrochemical workstation (CHI660E) in a conventional three-electrode system containing a 1 M KOH electrolyte. The coated glassy carbon disk electrode (3-mm diameter, disk: 0.071 cm 2 ) served as the working electrode. A Hg/HgO electrode and high-surface-area Pt mesh were used as the reference and counter electrodes, respectively. Linear sweep voltammetry (LSV) curves of different catalysts at scan rates of 5 mV s −1 were obtained in 1 M KOH electrolyte over a potential window of 0.296-0.800 V, and the voltage was corrected according to the iR loss from the solution resistance.
Results and discussion
Scheme 1 shows a schematic illustration of the fabrication process of the crystalline mesoporous transition metal oxides. The homogeneous mesostructure was prepared by assembling the carboxyl-coordinated inorganic precursors with an amphiphilic surfactant via a ligandassisted self-assembly route. In the first stage, inorganic species were dissolved in an acidic n-butanol/P123/carboxylic ligand mixture solution, and then, the obtained transparent sol was dried in an oven for several hours. In this process, the strong aqueous acid HNO 3 was used as the charge intermediate between the inorganic metal clusters and surfactants to hinder condensation. The carboxyl-coordinated transition metal complex was fabricated as an optimized precursor, which effectively retarded the hydrolysis and condensation rates. Due to the existence of coordination bands, the inorganic metal sources were stabilized over the growth period, which led to controllable co-assembly between the precursors and surfactant micelles 20 . In addition, the ligands interacted with the PEO chains of P123 through direct hydrogen bonds between the carboxylic hydroxyl groups and the ether groups of PEO 21 . During the continuous evaporation of n-butanol, mesostructures were gradually formed by both coordination-bonding interactions and hydrogen-bonding interactions. By removing the triblock copolymer templates after a series of calcination processes in air, the crystalline mesoporous transition metal oxides were finally obtained.
The scheme was confirmed by the Fourier transforminfrared (FTIR) spectrum. Taking the synthesis of Co 3 O 4 as an example, the C=O vibrational peaks for uncoordinated carboxylic acid appear at 1707 cm −1 and 1753 cm −1
( Fig. 1e black line) , while the C=O vibrational peaks for the coordinated sample appear at 1386 cm −1 , 1618 cm
, and 1738 cm −1 (Fig. 1e blue line) . The bands at 1386 cm
and 1618 cm −1 can be attributed to the asymmetric and symmetric stretching vibrations of the coordinated carboxylate group. The band at 1738 cm −1 can be assigned to the C=O stretching mode of the nondissociated carboxylate group. Moreover, for the coordinated sample, the O-H vibrational peaks of -COOH at~3500 cm −1 and 2600 cm −1 (Fig. 1e black line) almost disappeared. The above observations suggest that the O-H bands of the carboxyl groups were partly deprotonated and the carboxyl groups coordinated to the Co atoms. After thermal oxidation in air, the strong adsorption bands at 650 cm −1 and 569 cm −1 (Fig. 1e red line) can be assigned to the vibration of Co-O in cobalt oxide, confirming that the conversion process involves the transition from the intermediate cobalt carbonate to cobalt oxide through decomposition 22 .
Scheme 1 Schematic illustration of the formation process for mesoporous transition metal oxides
The crystal phase of Co 3 O 4 was confirmed by power Xray diffraction (PXRD). Figure 1f shows the evolution from the amorphous to the crystalline phase with an increase in calcination temperature from 150°C to 450°C.
The sample calcined at 250°C shows low crystallinity. After calcination at 350°C, the XRD pattern displays wellresolved characteristic diffraction peaks, which can be well indexed to cobalt oxide with lattice parameters of a = 0.8048 nm, b = 0.8048 nm, c = 0.8048 nm, and β = 90°( JCPDS No. 43-1003), confirming the formation of a highly crystalline phase. Increasing the calcination temperature to 450°C causes additional crystal growth as well as further improvement in crystallinity. In addition, no characteristic peaks from other crystalline phases were detected, demonstrating the high purity of Co 3 O 4 . To investigate the morphology and mesostructural information, the as-synthesized samples were characterized by TEM and HRTEM. The walls of the mesopores are composed of ultra-small Co 3 O 4 nanocrystals, and the nanocrystals gradually grow as the temperature increases from 250°C to 450°C (Fig. 1a-c) . As shown in Fig. 1b Fig. 1f, blue line) . The distinct lattice can be clearly observed in the HRTEM image (Fig. 1d) , further revealing that the as-synthesized sample is well crystallized. The corresponding SAED, inset in Fig. 1d , shows a set of well-defined concentric rings, which clearly verifies the polycrystalline character of mesoporous Co 3 O 4 .
The nitrogen sorption-desorption isotherms of mesoporous Co 3 O 4 obtained by calcination at different temperatures are shown in Figure S1 and Figure S2 . After calcination at 350°C in air, the isotherms exhibit characteristic type-IV curves with distinct hysteresis loops close to H 2 type, reflecting the existence of mesopores. The BJH adsorption pore diameter (inset in Figure S1 ) exhibits a narrow peak at 3. , while the pore size increased from 3.4 nm to 6.1 nm.
To confirm the versatility of the method, crystalline Cr 2 O 3 , Mn 2 O 3 , Fe 3 O 4 , NiO, CuO, and ZnO with welldefined mesoporous structures were synthesized by this ligand-assisted self-assembly approach. The XRD patterns of the as-prepared samples all match well with their corresponding metal oxide phases (Fig. 2g) : eskolaite for Cr 2 O 3 , hausmannite for Mn 3 O 4 , bunsenite for NiO, and zinicite for ZnO. The TEM images (Fig. 2a-f ) of these samples, obtained at 350°C, show that all the formed materials maintain their disordered worm-like mesoporous structures, and the walls of mesopores are constructed from small highly crystallized nanocrystals with similar morphological features. A similar twodimensional pore structure can be observed in the TEM image of ZnO, and an individual ZnO channel has a width of 7.8 nm with rough surfaces. In contrast to other metal oxides, ZnO is prepared with ascorbic acid instead of citric acid. Compared with the other mesoporous metal oxides we obtained, the small-angle XRD pattern (Fig. 3e ) of ZnO shows a more apparent diffraction between 1°and 2°, indicating a relatively regular mesoporous structure, which is consistent with the TEM results. N 2 adsorption-desorption isotherms and the corresponding pore size distribution curves of the obtained mesoporous transition metal oxides are shown in Fig. 2h . The small-angle XRD patterns of single-and multi-metal oxides are shown in Figure S4 and Figure S5 . Concrete mesostructural data and the corresponding nitrogen sorption-desorption isotherms of these samples are summarized in Table S1 and Figures S7-9 . Taking the Co 3 O 4 /Fe 3 O 4 composition as an example, the chemical compositions were verified by XRD ( Figure S10 ). ICP analysis shows that the Co/Fe molar ratio is approximately 4:1, which is in accordance with the initial amount of metal nitrates added during preparation of this composite material. Figure 3a and Figure S11 show the STEM and TEM images of the mesoporous Co 3 O 4 /Fe 3 O 4 (4:1) composites. The corresponding EDX elemental mapping images of Co, Fe, and O (Fig. 3b, c, d ) reveal a homogeneous distribution of Co and Fe in the mesoporous framework. We believe that our ligand-assisted self-assembly approach is a versatile method for the synthesis of both single-and multitransition metal oxide composites.
The chemical states of Co 3 O 4 were examined by X-ray photoelectron spectroscopy (XPS). A survey scan (Fig. 3f) revealed that the surface mainly consists of Co, O, and C. As shown in Fig. 3g, the peaks at~780.3 (Fig. 3h) can be deconvoluted into three distinct peaks: oxygen ions in the crystal lattice (at 530.1 eV), oxygen vacancies (at 532.2 eV), and absorbed oxygen species (at 531.2 eV) 23 . The thermogravimetric analysis trace ( Figure S12) obtained after evaporation at 120°C shows two thermal events: a large weight loss at 180°C and a smaller weight loss at 350°C, which correspond to conversion from CoCO 3 to Co 3 O 4 and the combustion of residual carbon, respectively.
To confirm the positive role of the carboxyl ligand, control experiments without ligands were performed. The surface areas show a dramatic declining trend for some of the transition metal oxides, decreasing from 130 to 26 m Figure S12 ). In addition, the crystallinity of Mn 2 O 3 also decreased. Mn 2 O 3 synthesized without the addition of carboxyl ligands is not crystalline until the calcination temperature is increased to 450°C, while the oxide is already highly crystallized at 350°C in the presence of carboxyl ligands ( Figure S13 ). Water electrolysis is considered a promising way to overcome the problem of fossil fuel depletion. Transition metal oxides such as Co 3 O 4 and NiO have been regarded as effective catalysts to replace the precious iridium and ruthenium oxides in the OER [24] [25] [26] [27] . Here, we assessed the OER properties in a standard three-electrode system. During the electrochemical measurement, oxygen evolved rapidly from the catalyst surface. The overpotential at a current density of 10 mA cm −2 is relevant to the watersplitting reaction. Mesoporous Co 3 O 4 samples obtained at different temperatures were tested for the OER to confirm the optimal calcination temperature of the electrocatalysts. As shown in Figure S14 , which is superior to most previous reports on non-precious OER electrocatalysts in alkaline aqueous electrolytes (Table 1) [28] [29] [30] [31] [32] . For comparison, the Co 3 O 4 /Fe 3 O 4 (2:1) composite demands an overpotential of 494 mV to achieve a current density of 10 mA cm −2 , and no obvious current response is observed when the working electrode film is prepared by pure mesoporous Fe 3 O 4 ( Figure S15 ). Figure S16 .
To advance our understanding of the enhancement in OER activity, the electrochemically active surface area (ECSA) of the as-prepared catalysts was tested by electrochemical capacitance surface area measurements [35] [36] [37] [38] . The ECSA is positively proportional to the double-layer capacitance (C dl ) (Fig. 5a, b) , which is equivalent to half of the slope. The obtained capacitive currents are plotted as a function of the scan rate in Fig. 5c The catalytic OER kinetics of the catalysts were investigated using Tafel plots (log j-η) obtained from the normalized polarization curves 39, 40 . As shown in Fig. 4b Chronoamperometric measurements were performed to investigate the long-term durability in the OER. The durability of the electrocatalysts was tested at 10 mA cm nanocomposite electrodes show excellent electrochemical durability over a 12-h continuous experiment. Their excellent long-term durability can be attributed to the formation of an interconnected metal oxide network after calcination, which is robust enough for the OER. No obvious changes were observed in the TEM image compared with the untested samples ( Figure S17 ), further confirming the robustness of the as-prepared mesoporous Co 3 O 4 . The slight current density decrease is due to catalysts falling off the glassy carbon electrode during the oxygen evolution process. The excellent electrochemical performance convinces us that a ligand-assisted evaporation-induced self-assembly strategy opens a new way to synthesizing more efficient catalysts for the OER.
Conclusion
In conclusion, a general ligand-assisted self-assembly approach has been demonstrated to synthesize mesoporous transition metal oxides with a high degree of crystallinity. Citric acid or ascorbic acid is employed as a coordination agent, and chelation between the metal and ligand can effectively slow the hydrolysis and condensation rates of the metal precursors. This approach is high yielding (measured in grams) and insensitive to synthesis conditions. Almost all transition metal oxides in the periodic table can be synthesized by this widely applicable method. These obtained mesoporous materials possess high specific surface areas and large pore volumes, which provide abundant reaction sites for the electrolyte, making them possible for use as remarkable electrochemical materials. As a demonstration, the mesoporous Co 3 O 4 / Fe 3 O 4 (4:1) nanocomposite exhibits an exceptional catalytic ability in water splitting with low overpotential (322 mV at 10 mA cm −2 ), large anodic current, and longterm durability. The present method offers a new way to prepare mesoporous transition metal oxides and multimetal oxide composites for a wide range of applications. 
